We have recently reported a technique for making metal ions for cyclotrons.' Metal and non-metal ions from solids are produced in a Penning ion source by a process that involves ions that are unable to cross the first acceleration gap between the ion source and dee and are accelerated back into the ion source where they sputter charge material into the arc. This material is ionized and extracted from the ion source and accelerated. We have now used this technique for a large variety of ions, both metal and non-metal, including most recently aluminum from the metal and boron from boron nitride charge materials. We have also calculated the efficiency for making iron ions with different ion support gases and have experimentally checked these results.
Introduction
Several methods of producing ion beams of solid materials for accelerators have been reported.2'3'4 An additional method based on sputtering, discovered as a result of erosion of the ion source observed in the normal operation of the Oak Ridge Isochronous Cyclotron (ORIC), is described here. The erosion of the ORIC ion source plasma chamber had been observed and reported in 1971.5 Figure 1 is a photograph of a new and a used ion source chamber. An eroded hole can be seen in the body of the used source when viewed through the ion source extraction slit. The significance of this erosion process was recognized when an exact analog (equal mass-to-charge ratios) copper beam was accelerated at the same time as a desired xenon beam. The detection of an accelerated beam having an intensity of d1/2 microampere and its identification as copper led to experiments to determine its origin. Replacement of the back of the ion source chamber with different metals proved that the eroded region of the ion source chamber provided the charge material for the copper beam. Fig. 1 . New (left) and used ORIC ion source plasma chambers for gases. A hole has been eroded in the wall of the used chamber opposite the extraction slit. Typically, such a hole would appear after about two weeks of operation with argon.
*Operated by Union Carbide Corporation for the US ERDA.
ORIC Solid Material Penning Source
The ion source used on the ORIC for solids is shown in Fig. 2 . It is a rotatable cold cathode6
Penning ion source. The source plasma chamber is easily replaceable, The plasma chamber used for solid materials contains a pocket for a replaceable rectangular plate of the desired charge material (Fig, 3) . The beams that have now been produced by this technique are given in Table 1 returning to the source, and its effectiveness in producing sputtering, for xenon and other gases. Ions return to the source because they are unable to cross the source-to-dee gap before the polarity of the dee voltage reverses. The ions that fail to cross the gap have a high mass-to-charge ratio resulting in a low velocity relative to the velocity of the desired ions. The rf phase at which they leave the ion source also determines whether they return to the source. A pictorial representation of the ion source with calculated orbits for late-phase, low-charge-state, xenon ions that return to the source is shown in Fig. 4 . The xenon ions travel approximately halfway across the source-to-dee gap before the voltage changes polarity; the ions are then accelerated back into the ion source with energies in the 10's of keV range. The computed impact area for xenon ions is in agreement with the observed eroded area in the ion source. An approximate orbit of a successfully accelerated iron beam is also shown.
The quantity of beam that returns to the source to produce sputtering depends on three factors: the instantaneous voltage gradient, the mass-to-charge ratio, and the rf starting phase. The voltage gradient determines the quantity of ions leaving the source; the other two factors affect the quantity of ions returning to the source.
To determine the returning-ion "phase window" or span of the starting phase of the ions that return to the source and the ion impact energy, orbits at various rf phases have been computed. An impact energy of at least 5-10 keV is required to produce maximum sputtering. Essentially all of the ions that return to the source exceed this value (Fig. 5) (Table 3 ). The cost of xenon is about four times that of krypton and hence the use of krypton would be favored. The production of ion beams by the sputtering process as described above is only applicable to rf extracted sources (e.g., cyclotrons) since the reversed polarity electric field is required to cause a portion of the beam to return to the source. Hlowever, a dc beam of heavy ions from an adjacent ion source could be used to produce the required sputtering (Fig. 8) beam intensity increased after erosion of a hole in the ion source.5 This effect is now believed to be due to the fact that the density of copper ions in the source is reduced when the hole is formed. When a hole of similar size was drilled into the arc chamber in a region not subject to sputtering from returning ions, no beneficial effect was observed.
